Integrated valves produce increased control and make up an essential part of different devices, especially in microfluidics. The use of ferrofluid in valves is one of actuation methods. Different magnetic fields could be used to operate a ferrofluid valve.
Introduction
A ferrofluid is a suspension of monodomain ferromagnetic particles (its size is about 10 nm), coated with a surfactant, in a non-magnetic carrier fluid. This superparamagnetic fluid is attracted strongly by magnetic fields. A ferrofluid surface, motion and flow can be controlled by varying magnetic fields. This property allows a ferrofluid to be used as an actuation method in valves, dispensers and pumps. Such ferrofluid-based devices are widely used in microfluidics. In [1] it is shown that a level of pressure in the range of decades of millibar can be expected from a ferrofluid valve. Different magnetic fields could be used to actuate the ferrofluid valve: for example, external permanent magnets [2] [3] [4] or a coil [5] . In the present paper, we propose to use the magnetic field created by a straight current-carrying wire to operate a ferrofluid valve RFYS which can open and close the gap of special geometry (formed by coaxial cylindrical and conical surfaces).
The spasmodic spreading of a ferrofluid drop along a wire is studied theoretically [6] [7] [8] and observed in the experiment [8] . A ferrofluid drop on a wire with limiting conical surfaces is studied in [9] . A ferrofluid bridge between coaxial cylinders (there is a straight current-carrying wire on the axis of these cylinders) cannot sustain any pressure drop [6, 10] . In the present paper, such ferrofluid bridge is limited by two conical surfaces, so the bridge can serve as a ferrofluid valve which sustains a pressure drop. A numerical technique for investigating the opening of such gap by a ferrofluid valve is proposed in [11] by the varying magnetic field of a straight current-carrying wire.
Problem statement
We consider a heavy, incompressible, homogenous, isothermal ferrofluid of the volume V between a cylindrical surface of the radius R and two limiting right circular truncated conical surfaces with different apex angles α 1 and α 2 (figure 1). All these surfaces are coaxial, and a straight wire of the radius r 0 carrying the current I is located on its axis. The cones intersect in a circle of the wire radius. In this geometry, the ferrofluid valve can sustain some pressure drop Δp = p 1 -p 2 . The pressure p 1 is maintained above the ferrofluid and the pressure p 2 is maintained beneath the ferrofluid. The ferrofluid is immersed in a non-magnetic liquid with the same density (the case of hydroimponderability). If the ferrofluid does not wet solid boundaries then 90˚< θ 1 , θ 2 , θ 3 ≤ 180˚, where θ 1 is the wetting angle of the upper conical surface, θ 2 -of the lower conical surface, θ 3 -of the outer cylinder. If the ferrofluid wets solid boundaries then 0˚≤ θ 1 , θ 2 , θ 3 ≤ 90˚(the case θ > , i = 1, 2 is only considered). The ferrofluid has a free axially symmetric surface z = h(r), r 2 = x 2 + y 2 (the axis zis directed along the axis of the wire). In this geometry, the magnetic field of the conductor |H| is not deformed by the ferrofluid and |H|= H, H(r) = 2I/(cr), where c is the speed of light in vacuum [12] . We consider that for a ferrofluid with small concentration of the same ferromagnetic particles, its magnetization M can be described by the Langevin law as for paramagnetic gas [13] :
Here M is the saturation magnetization of a ferrofluid, m is the magnetic moment of one ferromagnetic particle, n is the number of ferromagnetic particles per unit volume of a ferrofluid, T is the fluid temperature, k is the Boltzmann constant, ξ is the Langevin parameter which corresponds to the current in a wire. We use the hydrostatic equation [14] :
where the indexes f and l designate the ferrofluid and the non-magnetic liquid surrounding the ferrofluid (the magnetization M = 0), p is the fluid pressure, ρ is the fluid density, g is the gravitational acceleration. We also use the boundary condition on the free surface h(r) [14] :
where σ is the coefficient of surface tension and K is the mean curvature of the surface.
The sign "+" ("−") should be chosen when the non-magnetic liquid is situated above (beneath) the ferrofluid.
Analytical solution
From equations (1) and (2) 
Here, the following dimensionless parameters are introduced:
.Later, the signs "*" are omitted and parameters are considered as non-dimensional, unless otherwise specifically agreed.
Boundary conditions
On contact lines of three media, for r = r 1 and r = R , the Jung condition should be satisfied and it gives the following boundary conditions:
From equations (4), the constants B 1 and C 1 may be determined as functions of r 1 . On contact lines of three media, for r = r 2 and r = R , other boundary conditions hold true:
From equations (5), the constants B 2 and C 2 may be determined as functions of r 2 .
The constants D 1 = h 1 (R ) and D 2 = h 2 (R ) may be determined from the following conditions:
The condition of fluid equilibrium gives the following relation between the constants B 1 and B 2 :
The variables r 1 and r 2 should satisfy equation (7) and the conservation law of the ferrofluid volume V: (4), the following boundary conditions hold true:
and instead of equations (6), the following conditions hold true:
and instead of equation (8), the following conservation law of the ferrofluid volume V holds true:
Thus, the following system of equations determines the numerical technique to calculate the static shapes of ferrofluid free surface h 1 (r) and h 2 (r): analytical solution (3); boundary conditions (4), (5), (6) or (5), (9), (10); formula for the ferrofluid volume (8) or (11); condition (7). shapes, while the current is increasing, do not coincide with the ferrofluid shapes, while the current is decreasing. 
Case of non-wetting

Case of wetting
Conclusion
The influence of wetting on the ferrofluid valve behaviour operated by the magnetic field of a straight current-carrying wire is studied. It is shown that the presence of 
